Abstract SU (2) L triplet scalars appear in models motivated for the left-right symmetry, neutrino masses and dark matter (DM), etc.. If the triplets are the main decay products of the DM particle, and carry nonzero lepton numbers, they may decay dominantly into lepton pairs, which can naturally explain the current experimental results reported by PAMELA and Fermi-LAT or ATIC. We discuss this possibility in an extended left-right symmetric model in which the decay of DM particle is induced by tiny soft charge-conjugation (C) violating interactions, and calculate the spectra for cosmic-ray positrons, neutrinos and gamma-rays. We show that the DM signals in the flux of high energy neutrinos can be significantly enhanced, as the triplets couple to both charged leptons and neutrinos with the same strength. In this scenario, the predicted neutrino-induced muon flux can be several times larger than the case in which DM particle only directly decays into charged leptons. In addition, the charged components of the triplet may give an extra contribution to the high energy gamma-rays through internal bremsstrahlung process, which depends on the mass hierarchy between the DM particle and the triplet scalars. PACS numbers: 95.35.+d, 98.70.Sa, 
I. INTRODUCTION
Recently, the PAMELA satellite experiment has observed an excess in the positron fraction from 10 to 100 GeV [1] , which confirmed the previous hints from HEAT [2] , CAPRICE [3] and AMS-01 [4] . The reports from ATIC balloon experiment showed a rapid rise of the total electron and positron flux at a range 300-800 GeV [5] with a peak at around 600
GeV, which agreed with the PPB-BETS results [6] . More recently, the Fermi-LAT [7] and the HESS [8] Cherenkov experiments have released their results for the sum of electron and positron flux. Although they did not fully confirm the previous results reported by the ATIC experiment, both the measurements indicated excesses over the expected background, which suggests the presence of extra sources for the e ± spectra. Besides the astrophysical explanations for e ± anomalies by some nearly sources like pulsars and supernova remnants, the dark matter (DM) annihilation or decay is one of the most interesting explanation from particle physics.
The PAMELA, ATIC, and Fermi-LAT anomalies may be a consequence of DM particle annihilating mainly into lepton final states. However, if the dark matter is generated thermally, the annihilation cross section obtained from the observed relic density is significantly lower than that required by the current data. One has to resort to a large boost factor (about 100 − 1000) to explain the observed large positron flux. Note that the most probable boost factor from the clumpiness of DM structures is estimated to be less than ∼ 10 − 20 [9] . The large boost factor may come from nonperturbative Sommerfeld enhancement [10] or Breit-Wigner enhancement [11] [12] [13] . An other possibility is that the DM particle may slightly decay, and dominantly decay into leptons [14] . In this case the bound from the DM relic density is relaxed. The current data require that the lifetime of DM particle should be of the order O(10 26 s).
If the mass of DM particle is very heavy, it may first decay into some lighter intermediate states rather than directly into standard model (SM) particles. An interesting intermediate state might be SU (2) L triplets, as it is known in many models that they may carry nonzero lepton numbers, and do not couple to quarks directly. This leptophilic feature can naturally account for the PAMELA results on both the excesses of positrons and the absence of large anti-proton flux.
The stability of the DM particle is usually protected by imposing extra discrete sym-metries. In our previous work [15] , we have shown that the fundamental symmetries of quantum field theory such as parity (P ) and charge-conjugation (C) can be used to stabilize the DM particle. We have explicitly demonstrated that in a left-right (LR) symmetry model with P and CP only broken spontaneously, a gauge singlet scalar with odd CP parity can be automatically stable without imposing any extra discrete symmetries.
Motivated by the recent experimental results, we consider in this work the possibility of DM particle decay by adding soft C−violating interactions into our previous model, which will result in the decay of DM particle with SU (2) L triplet scalars as intermediate states.
The decays of the triplets into the SM gauge boson pairs W ± W ± , W ± Z 0 , Z 0 Z 0 as well as the SM-like Higgs bosons h 0 h 0 are all suppressed by the smallness of the vacuum expectation value (VEV) of the left-handed triplet as required by the tiny neutrino masses. Thus the triplets decaying into quarks indirectly through these states are strongly suppressed.
If the reported positron excess indeed originates from DM particle decay through the intermediate SU (2) L triplets, the possible associating signals such as the high energy neutrinos and gamma-rays are expected. This is because the neutral and singly charged components of the triplets couple to neutrinos in the same way as the doubly charged components couple to charged leptons. The final state leptons may generate high energy gamma-rays through inverse Compton scatterings (ICS) and final state radiations (FSR), which is common to many DM models. In this model the doubly and singly charged components of the triplet can also produce extra gamma-rays through virtual internal bremsstrahlung (VIB), which gives additional contributions to the gamma-ray spectrum at very high energy region.
In this work we first show how the DM particle decay caused by the soft C-violating interactions can naturally explain the observed excess of the positron and electron excesses, and then focus on the cosmic-ray signals associated with DM particle decay through intermediate SU (2) L triplets in a LR symmetric model with two Higgs bidoublets [15, 16] .
After exploring the typical parameters which can explain the current PAMELA as well as
Fermi-LAT or ATIC data, we present predictions for the flux of neutrinos and gamma-rays.
We find that the predicted neutrino-induced muon flux can be significantly larger than the case in which DM particle only directly decays into charged leptons. The energy spectrum of diffuse gamma-rays can be enhanced by the VIB processes from internal charged triplets as well. Although the analysis is done in a particular model, the conclusions are generally valid for other models which involve SU (2) L triplets as intermediate states, such as the DM models in connection to the type II seesaw mechanism for neutrino masses (see, e.g. Ref.
[13]).
This paper is organized as follows: in Sec. II, we discuss the main features of the model and focus on the decay of DM particle induced by the soft C-breaking terms. In Sec. III, we calculate the DM decay signals which includes the positron fraction, total flux of electron and positron, neutrino-induced muon flux and high energy gamma-ray flux. The results are summarized in Sec. IV.
II. DECAYING DARK MATTER IN A LR SYMMETRIC MODEL
We begin with a brief review of the LR model with two Higgs bidoublets described in
Ref. [15, 16] . The model is a simple extension to the minimal LR model [17] , which is based
The left-and right-handed fermions belong to the SU (2) L and SU (2) R doublets respectively. The Higgs sector contains two
and a gauge singlet S(0,0,0) with the following flavor contents
The two triplets ∆ L,R are responsible for breaking the left-right symmetry at high energy scale and generating small neutrino masses through the seesaw mechanism. The introduction of Higgs bidoublets φ and χ accounts for the electroweak symmetry breaking and overcome the fine-tuning problem in generating the spontaneous CP violation in the minimal LR model. Meanwhile it also relaxes the severe low energy phenomenological constraints. The gauge singlet S is relevant to the DM candidate.
The kinematic terms for the scalar fields are given by
where
Due to constraints from low energy phenomenology, the mixing between W L and W R is rather small. Thus the SM gauge boson W ± is mostly W ± L . In this work, we shall focus on the scalar sector which is relevant to the DM particle.
Under the P and CP transformations, the scalar fields transform as follows
The whole scalar potential contains two parts
It is required that the dominant part V 0 is both P -and CP -invariant while a small part V 1
contains the soft C-violating interactions. The most general form for V 0 is given by [15] 
Due to the C and CP symmetries, V 0 only involves combinations of (S + S * ) and SS * .
The interactions containing odd powers of (S − S * ) are forbidden as they are P -even but
The spontaneous symmetry breaking (SSB) scheme is to realize the breaking pattern
After the SSB, the Higgs multiplets obtain nonzero VEVs
where κ 1,2 , ξ 1,2 , v L and v R are in general complex, and κ ≡ |κ
246 GeV represents the electroweak symmetry breaking scale. The value of v R sets the scale of LR symmetry breaking which is directly linked to the right-handed gauge boson masses
CP is not broken by the singlet sector. It follows that after the SSB, although P and CP are both broken, there is a residual Z 2 type of discrete symmetry on S D in the gauge singlet sector, which is induced from the original CP symmetry.
Constraints on the parameter space from the DM relic density has been discussed in Ref.
[ [18] .
The tiny soft C-breaking terms in V 1 may lead to the DM particle decay. The most general P -even but C-odd terms with dimension less than four are given by
In this case, the S D may decay dominantly into two lighter scalars such as In this work we focus on the case in which ζ 1 ζ i (i = 2, . . . , 7) and the right-handed triplet ∆ R is much heavier than that of S D , such that S D will decay dominantly into lefthanded triplet ∆ L as shown in Fig. 1 .
. 1: Feynman diagrams for DM particle S D decaying into charged leptons and neutrinos through
The triplets with non-zero lepton number do not couple to quarks directly. The Yukawa interaction between the scalars and leptons is
which leads to the following seesaw formula for left-handed neutrino mass matrix 
An important consequnce of the smallness of v L is that the couplings between left-handed triplets and SM gauge bosons W ± and Z 0 are strongly suppressed, as δ
For instance, the ratio between the decay width of δ
where Y is the Yukawa coupling between δ ++ L and charged lepton by the tiny neutrino masses naturally suppresses the triplet non-leptonic decays channels, such that our model can avoid the constraints from the PAMELA anti-proton data. 2. The photon multiplicity for a decay process S → XX is defined as [19] 
The Yukawa interaction term
where x = 2E γ / √ s and √ s = m S is the center-of-mass energy. The radiation is dominated by the collinear photon emission case, which can be approximated by
with F (x) = (1 + (1 − x) 2 )/x for fermions and (1 − x)/x for bosons. For the decay process 
A. Electrons and positrons
In the Milky Way, the propagation of cosmic-ray (CR) particles can be approximated by a two-zone propagation model, which includes two cylinders centered at the galactic center.
A cylinder of radius R = 20 kpc with height 2L (L = 1 − 20 kpc) in the z direction delimits the CR propagation region. A smaller cylinder with the same radius but with thickness 2h z = 0.2 kpc models the galactic plane. The solar system is located at r = 8.5 kpc and z = 0. In general, the CR propagation equations contain terms for convection and reacceleration effects [20] . However, for electrons and positrons with energy E 10 GeV, these effects can safely be neglected [21] . Thus one only needs to consider the diffusion effect. In this case, the steady-state diffusion equation for positron is given by
where f e + (E, r, z) is the positron differential number density in cylinder coordinate and
δ is the spatial diffusion coefficient. Through fitting the measured ratio of boron to carbon (B/C), the propagation parameters δ, K 0 and L can be determined [22] . In Table. I, we list three typical combinations of the propagation parameters [21, 23] .
The parameter set MIN and MAX corresponds to the minimal and maximal positron flux respectively, while the MED scenario best fits the B/C ratio and produce the moderate flux.
The energy loss rate b(E) are mainly due to the ICS and synchrotron processes. The two processes combined give b(E) = E 2 /(GeV · τ E ) with τ E = 10 16 s [24] . For decaying DM model, the source term Q is given by
where Γ k is the decay width and k runs over all the channels with positrons in the final states. dn k e + /dE is the positron energy spectrum per DM decay. The DM halo profile ρ(r) is usually parameterized as a spherically symmetric form
with local DM density ρ = 0.3 GeVcm −3 . Possible DM halo profile parameters α, β, γ and r s are listed in Table. II. In this paper, we adopt the NFW profile and MED propagation model in numerical calculations. Eq. (16) can be solved analytically from the above considerations. For the decaying dark matter, the solution of the positron diffusion can be written as [23, 28] 
The explicit form of the Green's function G e + (E, E , r, z) is given by
where J 0(1) is the zeroth(first)-order Bessel function. ζ n are successive zeros of the function J 0 . At the heliosphere boundary (r = r and z = 0), the interstellar positron flux per unit energy from the DM decay is
The interstellar e − and e + background is approximated by [24] Φ prim e − (E) = 0.16E 
where E and Φ are in units of GeV and GeV −1 cm −2 s −1 sr −1 , respectively. The interstellar (IS) positron fraction is given by
where we have introduced two real parameters k + and k − to normalize the positron and electron background, which reflects the background uncertainties [29] . In the numerical calculations we take k + (k − ) = 0.9(0.7).
For the solar modulation effects we adopt the Gleeson and Axford analytical force-field approximation in which the final flux Φ(E ⊕ ) at the top of atmosphere is given by
where Φ(E IS ) denotes the primordial interstellar flux. E IS and E ⊕ have the following relation
where |Z| = 1 is the e ± charge number. For the solar modulation parameter φ F , we take a typical value of φ F = 500 MV. We assume that the solar modulation effect is the same for electron and positron, which leads to P F (E ⊕ ) = P F (E IS ). Note that even in the case of charge-independent modulation, the solar modulation effect leads to a translation for the positron factor P F , thus must be considered. Fig. 3 , the SH-I case can explain both the PAMELA and ATIC data. In this case, the DM particle decays directly into 4e, which usually leads to a too hard spectrum to meet the Fermi-LAT data. The SH-II∼IV cases involving µ-and τ -lepton as final states can reproduce the PAMELA and Fermi-LAT results well with the parameters in Tab. III. The differences among the four cases are not obvious in the low energy rang E 100 GeV. However, in higher energy range E 1 TeV, the heavier final state case leads to harder energy spectrum. The SH-III case with 4τ final states has the hardest spectrum among all the cases in this energy region. 5. However, the predicted total electron and positron flux are obvious different.
For a comparison between SH and LH cases, we show in Fig. 6 the results for SH(LH)-I
and SH(LH)-III. It is clear that the differences are rather mild for the parameters given in Tab. III. Actually, the SH and LH cases have significant differences in the injection energy spectrum dn k e + /dE. However, the differences are smeared out due to the energy loss processes from the ICS and the synchrotron.
B. Neutrinos
The expected muon neutrino flux coming from the galactic center (GC) and arriving at the Earth can be estimated by [31] 
where the neutrino oscillation probabilities P να→νµ are P νe→νµ = 0.22, P νµ→νµ = 0.39 and P ντ →νµ = 0.39 [32] . One can have the same results for the muon anti-neutrino flux Φν µ . The averaged number flux J ∆Ω in a cone with half-angle φ around GC is given by
where ∆Ω = 2π(1 − cos φ) is the solid angle. The above equation can be written as the following form The muon neutrinos interact with the earth rock to produce the upgoing muon flux, which can be detected by the water Cherenkov detector Super-Kamiokande (SK) [33, 34] .
The neutrino induced muon flux is give by [35] 
where L(E µ ) is the range of a muon with energy E µ until its energy drops below the SK threshold E thr = 1.6 GeV:
where α µ = 2 × 10 −3 g −1 GeV cm 2 and β µ = 4.2 × 10 −6 g −1 cm 2 . ρ is the density of the material in g cm −3 and n a ≈ r a ρ/m p are the number densities of neutrons and protons with r p ≈ 5/9 and r n ≈ 4/9. For the detection cross section, we use
where A → ν ν will give extra contributions to the neutrino flux, which can be more important than that neutrinos from the secondary decay of charged leptons. In Fig. 7 , we compare the contributions to the total neutrino-induced muon flux from the direct neutrinos and that from the secondary lepton decays in the SH-II case. The difference can be clearly seen in the large angle region φ 30
• in which the direct neutrino contribution is roughly five times as many as that from secondary charged lepton decays. In Fig. 7 , we also give the predicted muon flux for the cases SH-I ∼ SH-IV. The results show that the SH-III case with S D decaying into 4τ, 2τ 2ν τ and 4ν τ predicts much larger flux than the other cases. The reason is that the direct neutrinos in this case have higher energy than that in other cases. This case can be tested in the future experiments with improved sensitivity by a factor of a few. Note that the 2τ or 4τ final state cases are now strongly disfavored by the latest Fermi-LAT gamma-ray data [36] even in the DM decay scenario. The predictions for the cases LH-I ∼ LH-IV are found to be very similar.
C. Gamma-rays
The high energy gamma-rays generated by DM particle may come from two type of contributions. The first one is that the DM particle directly produces high energy gammarays through processes VIB and FSR. The second contribution comes from the ICS process.
In this case, the low energy interstellar photons obtain energy from the high energy positrons and electrons. For the first contribution, the expected spectrum of high energy gamma-rays is given by
where J ∆Ω is defined in the same way as for neutrino in Eq. (28) . For a general observable region, it is convenient to choose the galactic coordinate (b, l) where b and l stand for the galactic latitude and longitude. Then J ∆Ω can be written as the following form
where the integration upper limit s max = r The high energy gamma-rays produced by the ICS process e ± γ → e ± γ have the following energy spectrum [37, 38] :
Since the photon may be emitted from both electron and positron, an overall factor of 2 has been multiplied in the equation. The differential energy density u γ (E γ , r, z) of interstellar radiation field (ISRF) contains three components: the cosmic microwave background (CMB), thermal dust radiation and star light. Here we adopt the GALPROP numerical result for u γ in Ref.
[39]. The parameter f ICS is defined by [37] f ICS = 2q ln q + (1 + 2q)(1 − q) + 1 2
where 0 ≤ q ≤ 1. In Eq. (35), f e + (E e , r, z) is the positron differential number density.
Because of the ICS and synchrotron, high energy electrons and positrons will loss most of their energy within a kpc. Therefore one may neglect the diffusion term of Eq. (16) and approximately calculate f e + (E e , r, z) for every point in the CR propagation region. In this case, f e + (E e , r, z) is given by the following formulas [37, 40] f e + (E e , r, z) = 1
where the electron energy loss rate b ICS (E e , r, z) is
Here we neglect the synchrotron energy loss rate b syn as b syn b ICS [38] . It is worthwhile to stress that the above energy loss rate b ICS (E e , r, z) is position dependent 1 .
In order to compare with the experimental data, one needs to know the diffuse gammaray background which includes a galactic Φ decay, ICS and bremsstrahlung. In principle, one should run the GALPROP code [20] to obtain Φ preliminary results [43] :
In Fig. 8 , we show the contributions from ICS, FSR and VIB in various cases in the sky region 10 • < |b| < 20
• , 0 • < l < 360
• . For all the cases in lower energy region E 100 GeV, the DM contributions are dominated by the ICS process which is typically 1 ∼ 2 order of magnitude below the current Fermi-LAT data [43] . The ICS process contributes to a broad spectrum from 10 −2 GeV to a few hundred GeV. At higher energy region E ∼ 10 − 100
GeV, the ICS contribution becomes significant as the background drops rapidly. The ICS has no significant dependence on the mass hierarchy as it only depends on the spectrum of the final state electrons. In general, compared with ICS processes, VIB and FSR contribute to gamma-rays at higher energy. For photon energy above 500 GeV, they become dominant sources and may lead to an up turn of the photon spectrum. This prediction can be tested by the future gamma-ray detectors. The FSR and VIB processes show stronger dependence on the masses of the triplet scalars, and the two contributions are correlated. It follows from Eq. (15) that for fixed masses of initial DM particle and final states, the decrease of the triplet mass will enhance VIB while slightly suppress FSR. Thus the VIB process can be important for the case with large mass hierarchy between S D and δ L . In Fig. 10 , we give the FSR and VIB contributions to the gamma-ray spectrum for three different DM mass cases (m D = 2.5, 4 and 6 TeV). Here we have fixed the triplet mass m δ L = 1 TeV and the DM lifetime τ D = 0.9 × 10 26 s. We can see that with m D increasing, the VIB contribution becomes more significant relative to FSR.
For a low m D = 2.5 TeV, the contribution from VIB relative to that of FSR is only ∼ 7%.
But for a larger m D = 6 TeV, the contribution can reach ∼ 20% which is non-negligible.
IV. CONCLUSIONS
We have discussed the DM cascade decay induced by tiny soft C-violating interactions in an extension of a left-right symmetric model in which the DM particle is identified as a gauge singlet scalar. In this scenario, the DM particle may decay favorably into leptonic final states through the intermediate SU (2) L triplets. We have explored the parameter space which can well explain the current PAMELA and Fermi-LAT or ATIC experimental data. It is shown that this scenario predicts significant associating signals in the flux of high energy neutrinos and gamma-rays, which is due to the correlated couplings to neutrinos and the extra contributions from the charged components of the triplet. We have found that the predicted neutrino-induced muon flux is dominated by the contribution from the neutrinos directly from the triplet decay. The gamma-ray radiation from the charged triplet scalars through VIB process can be significant in the case that the triplets are much lighter that the DM particle.
